To address the study of the deployment of publicly accessible Automated External Defibrillators (AED), Geomatics allows computing their limited area of effectiveness (i.e. 'catchment area', CA), traditionally set as circular surfaces with a 100m-radius. Exploiting open geospatial data related to roads network, also 'realistic' CAs, based on the effective walking distance, can be computed. Aim of this study (performed on the territory of Lombardy, Italy, total surface 23'863.65 km 2 , with open source software as QGIS, PostGIS, pgRouting) was to compare the two approaches, and to evaluate if the territory analysis could support case-bycase decision-making about the preferable mapping technique. 
INTRODUCTION

Out-of-Hospital Cardiac Arrest (OHCA) and Public Access Defibrillation (PAD)
The 'Out-of-Hospital Cardiac Arrest' (OHCA) is defined by the American Heart Association (AHA) as the cessation of mechanical cardiac activity outside of a medical care setting (Roger, 2011) . This is a highly life-threatening condition, with an overall survival rate lower than 10% (7.6% in the USA in 2010 (Sasson, 2010) ). In general, survival is strongly related with cardiopulmonary resuscitation, and with time of first defibrillation, as the survival rate decreases from a baseline of 67% by 7-10% for each minute elapsing from the moment of the arrest (Bonnet, 2015) . In order to reduce time of first defibrillation, the leading strategy is Public Access Defibrillation (PAD), based on the deployment along cities' territory of publicly retrievable Automated External Defibrillators (Weisfeldt, 1995) , enabling bystanders to defibrillate victims even before arrival of Emergency Medical Services (EMS). Despite PAD programs are now diffused worldwide (Mauri 2016 , Smith 2017 , it is widely recognized that they are not working as intended (Deakin 2014 , Renhao 2016 . One of the main issues is the spatial accessibility of the devices: as the time limit for an effective defibrillation is 6 minutes (Zulli 2016) , AEDs cannot be effectively used if the lay rescuer cannot cover the distance (back and forth) between the victim and the location of the AED within this time limit. Therefore, a geographical analysis is required in order to assess the efficiency of AEDs positioning along the territory. Many studies were performed in the last years in order to evaluate AEDs spatial accessibility and to identify and propose better strategies for their deployment (Bonnet 2015 , Chan 2017 , Folke 2010 , Lin 2016 , Sun 2016 , Tierney 2018 ).
Problem statement
All the studies about spatial accessibility of public AEDs are based on the definition of their 'catchment area', which is the portion of territory potentially covered by the presence of a device. However, there is currently no assessed indication on how to convert the defined time limit of 6 minutes into a spatial measurement for the corresponding areas. For example, guidelines from AHA only suggest considering a time limit of 3 minutes (which corresponds to 6 minutes back and forth) to plan the placement of the AEDs (American Heart Association, 2018). Traditionally, most of the studies computed the catchment areas according to guidelines from AHA (Aufderheide, 2006) as circular surfaces centred on the device with a radius of 100 m, thus based on Euclidian distance (Chan 2017 , Sun 2016 , Tierney 2018 . However, one study (Bonnet 2015) proposed the computation of 'realistic' catchment areas, based on the topology of the streets and therefore on actual routable paths between the position of the device and the potential locations of arrests (therefore, based on a 'routing' distance). An example of these two different mapping techniques is reported in figure 1. Although this second approach could be intuitively preferred, since it better suits the real-world scenario, there is currently no quantitative assessment about the mapping differences generated by the two techniques in a real scenario. Moreover, whereas the circular areas can always be computed, realistic mapping implies more complex routing issues, and no study verifying the conditions necessary for an effective computation was ever performed. 
Hypothesis and aim
We hypothesized that, despite being realistic areas more representative of the real-world scenario, it is not always possible to compute catchment areas with the realistic approach, and, therefore, circular areas could in some cases be preferable, depending on the topology of the considered territory. To verify this hypothesis, we used an open source GIS, specifically QGIS, that is the tool identified by literature as the most suitable in performing studies about PAD programs (Chan 2013 , Folke 2009 , Ringh 2018 . Accordingly, our aim was to implement the mapping of catchment areas with the realistic approach and to compare them with the circular ones. In addition, we wanted to identify geographical attributes in the area surrounding AEDs that could provide case-by-case reliable information about the choice of the best mapping technique, in order to assess the feasibility of an automatized decision-making between the two techniques when mapping catchment areas, and to preventively identify specific devices for whom it is impossible to compute the realistic area, due to surroundings' characteristics. In order to enhance the replicability of the study, we decided to exploit open data only, except a georeferenced database of OHCAs, which was provided by Azienda Regionale Emergenza/Urgenza (AREU, the EMS provider and responsible for 118 sanitary emergency calls in Lombardy) and cannot be made available as open data, being related to medical (and therefore sensible) information.
MAIN BODY
Data sources and pre-processing
As a case-study, we considered the territory of Lombardy region (Italy), whose area is 23'863.65 km 2 and has a resident population of 10'055'148 people. As previously stated, AREU provided the georeferenced database of all OHCAs occurred within 01/01/2015 and 31/12/2018 in the region (for a total of 45043 events), and the georeferenced database of known publicly accessible AEDs on the regional territory at 28/02/2018 (for a total of 7702 devices), which is also available as open data. The shapefiles related to roads and buildings were obtained through the OpenStreetMap portal, whereas information related to land-use was retrieved as open data from the Lombardy region geoportal. In particular, the DUSAF database was used, which is a shapefile representing a unique vector layer covering the whole territory, where single features are classified according to the use of the land (urbanized, transports, natural, agricultural etc.) with a 5-digits code (updated at 30/01/2017). All these data sources were imported in QGIS as shapefiles representing vector layers, and converted into the World Geodetic System 84 (WGS84) -Universal Transverse Mercator (UTM) 32 North coordinates reference system. All links related to exploited databases are reported in the appendix section.
Computation of catchment areas
The circular catchment areas were computed on QGIS exploiting the native 'Buffer' function for all 7702 AEDs. We decided to implement the traditional areas with 100 m radius, and to also test areas with 200 m radius. Two different sets of circular areas of respectively 31'415 m 2 and 125'661 m 2 were thus computed. Realistic catchment areas were computed with a dedicated algorithm developed with pgRouting (https://pgrouting.org/) and PostGIS, open source SQL libraries run on PostgreSQL (http://www.postgresql.org) which is available on OSGeo Live (https://live.osgeo.org/en/index.html), the operative system developed by the Open Source Geospatial Foundation (https://www.osgeo.org/). However, realistic catchment areas were not computed for AEDs located more than 200m away (with Euclidian distance) from the nearest mapped street (58 devices were excluded for this reason, that is typical of isolated facilities in natural areas, such as mountain retreats) since in these cases there is no network to build on the catchment areas. Moreover, for statistical purposes one AED only was considered in all the cases where more than one device is mapped with the same coordinates (141 AEDs were excluded for this reason, occurring when more than a device is installed in the same building, usually at different floors). Therefore, realistic catchment areas were computed for a total of 7503 AEDs (97 % of the original dataset). The target maximal dimension of the considered walkable paths was set to 100m and 200m, mirroring the dimensioning of circular areas, thus providing two different mapping of realistic catchment areas corresponding to the two measures, as reported in figure 2. It must be noticed that there is currently no study about the correct dimensioning of the realistic catchment areas, and it is therefore likely that the dimensioning that represents at best the realworld scenario is different from both the considered paths lengths of 100m and 200m. However, since a precise dimensioning is out of the scope of this study, the choice to consider the same measures for the two mapping techniques was assumed as more appropriate for the comparison. 
Comparison of catchment areas
By construction, realistic catchment areas computed with 100m and 200m target dimension resulted significantly different, with an average surface of 6'096 m 2 for the first set and 33'665 m 2 for the second (doubling the paths length, the area is over 5 times larger). Therefore, with the same dimensioning measure, the realistic approach provides a much smaller area when compared with circular areas: 6'096 m 2 vs 31'415 m 2 for 100m dimensioning (-80.6%) and 33'665 m 2 vs 125'661 m 2 with the 200m dimensioning (-73.2% ). This result implies that the two mapping techniques cannot be compared considering the same dimensioning, as the resulting surfaces are too different. However, the realistic areas computed with 200m dimensioning resulted, on average, close to the circular areas with 100m radius: therefore, in the following analysis the realistic and traditional techniques are compared considering the respective dimensioning of 200m paths and 100m radius. The main scope of catchment areas is to evaluate OHCAs coverage, counting the amount of OHCA cases occurred within the catchment areas, which represent the events where a public AED could be effectively used according to spatial distance. Exploiting the QGIS 'Intersection' operation on OHCAs' and catchment areas' layers, it was assessed that if circular-100m areas are considered, the covered OHCAs are 9.43% of the total (4247 on the total 45043), whereas considering realistic-200m areas the estimated coverage of OHCAs is 15.35% (6915 on the total 45043). Therefore, although the surface measure is close on average, the choice of the mapping technique has strong implications on the analysis, and the two techniques cannot be considered equivalent, even if different dimensioning is applied as adjustment. Defining as 'error' the difference between the realistic catchment area and the circular one for each AED, the distribution of this parameter (reported in Figure 3 ) reveals that realistic mapping generates smaller areas in 51% of the cases, whereas for the other 49% the realistic area is larger than the circular one. For 100 of the 7503 considered AEDs, the computation of the realistic catchment area completely failed, resulting in an area equal to 0 and an error of -31'415 m 2 ; moreover, by observing the mapping of realistic catchment areas and manually measuring the computed paths, it resulted evident that there are several undersized areas, that do not properly represent the catchment areas of AEDs. Therefore, we deemed it necessary to inspect these cases in order to identify geographic attributes of the surrounding areas possibly serving as indicators to preventively identify the devices in which the computation of realistic areas would fail. 
Definition of geographic attributes
The first considered geographic attribute of AEDs is the Euclidian distance from the device to the nearest street ('dist'), computed from the geographic coordinates of AEDs to points belonging to streets (sampled with 10m intervals). Since all the other geographic attributes characterize the surrounding area, and not the device itself, it was necessary to pre-define the dimension of the surrounding area in which they are computed. This was set within circular areas centred on the device with a radius of 50m, 100m, 150m, 200m and 250m. For all the different area dimensions, we computed: 
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(1) where i = index for the 6 land-use categories max t = percentage of the area covered by the most present land-use category t i = percentage of the area covered by the i-th land-use category. Accordingly, an area where only one land-use category is present has an UI equal to 1, whereas an area where all the categories are equally present has an UI equal to 0. Considering the 'dist' attribute, which is unique, and 5 other attributes computed on 5 different area dimensioning, the total final number of attributes considered is 26.
Techniques comparison
In all the performed analyses, outliers were identified and removed by accepting only values that respected the condition: 25 th percentile -(2*IQR) < value < 75 th percentile + (2*IQR), with IQR being the interquartile range (75 th percentile -25 th percentile). The multiplier for the IQR was set to 2 instead of the traditional 1.5 as with this value almost 3% of the records resulted identified as outliers, which was considered an excessive reduction of the sample variability. This method for removal of outliers was chosen and uniformly applied after assessing that no attribute of any dataset resulted to have a normal distribution according to a one-sample KolmogorovSmirnov test with p < 0.05.
Attributes correlation with area difference:
as a first step, we wanted to verify if the attributes are correlated with the numerical difference between realistic and circular areas, as this kind of information would be useful both in identifying AEDs that are not suitable for realistic mapping and in finding locations where a hypothetical installation of an AED would have a particularly large catchment area. From the considered 7503 starting AEDs, outliers were removed separately on each attribute (min 0, max 335 removed records).
After removal of outliers, the linear correlation coefficient between the target variable (realistic 200m-path area -circular 100m-radius area) and each attribute was computed, considering also exponential and logarithmic transformations of the target variable (for all attributes the significance of the computed correlation coefficients R was p < 0.01). Unfortunately, no strong correlation was identified, and only the 'dist' attribute (distance from the device to the nearest street) and the 'RL' attribute (total length of roads within the area) resulted to have a mild correlation, with R = -0.61 for 'dist' and 0.64 for 'RL' at 50m radius, considering the logarithmic transformation of the target variable (R = -0.57 and 0.63 without transformation). Therefore, no more than slightly above the 36% of the variance in the target variable can be explained with one of these two attributes. Full results for this analysis are reported in table 1. 
Attributes correlation with failures:
A different approach was applied to assess if any of the attributes could provide reliable information for an automatized identification of AEDs for whom a circular catchment area mapping is preferable. Observing the mapping of realistic areas, a threshold value of the area was manually defined to identify failures in realistic mapping, as catchment areas that are smaller than that threshold have to be considered as unrealistic and generated by failures, either for problems in the algorithm or for missing mapped roads on which to compute paths. The threshold was chosen considering intervals of 500 m 2 , and selecting the first value satisfying the condition of having at least 9/10 failures in the records below the threshold, and at max 1/10 failures above the threshold. The resulting threshold value is 12'500 m 2 . Accordingly, two different datasets were defined, separating AEDs with realistic catchment areas below and above 12'500 m 2 (named in the following 'failures' and 'positives' with respectively 1067 and 6429 records). Outliers were removed from both datasets.
First of all, median (25 th percentile, 75 th percentile) were computed for all attributes in the two datasets and compared; full results are reported in Table 2 . The computed values revealed consistent differences in the two datasets: the 1067 realistic areas considered as failures have a larger distance from the AED to the nearest street, a lower total length of roads in the surroundings (with coherently fewer street nodes), a lower total area of buildings, are less urbanized and the land-use is more uniform.
To assess the significance of these observations, a MannWhitney rank sum test (at 95% confidence) was chosen, as no attribute resulted to have a normal distribution (one-sample Kolmogorov-Smirnov test with p < 0.05), and applied separately for each attribute. In order to eliminate any possible influence generated by the different sample size of the two datasets, the Mann-Whitney rank sum test was repeatedly applied between the 'failures' group and 1000 randomly selected subgroups, extracted from the 'positives' group, having the same size of the 'failures' group (1067 records). With this approach, the objective was to verify the percentage of subgroups (extracted from the 'positives' set) that cannot be considered extracted from the same population of the 'failures' group (in these cases, the null hypothesis of the rank sum test is refused at 95% confidence), separately on the base of each single attribute. The only attribute that generated a negligible percentage of null hypothesis rejections (meaning that its distribution cannot be considered different in the two groups) is the area of the buildings in the 50m-radius surroundings (8.5% null hypothesis rejections). The urbanization level in the 50m-radius and in the 100m-radius surroundings generated a 99.5% and 91.8% of null hypothesis rejections, whereas all the other attributes generated a 100% null hypothesis rejection (with average p across all 1000 repetitions significantly lower than 0.01), meaning that in no case their distribution can be considered the same in the two groups, and the differences in medians, 25 th percentiles and 75 th percentiles are significant and consistent. Full results of the analysis are reported in Table 3 . Table 3 . Results of 1000 repeated Mann-Whitney U-tests between 'failures' group and equally sized random subsets of 'positives' group (see text for details).
CONCLUSIONS
Discussion
Mapping the catchment areas of publicly accessible AEDs (area where the device can potentially be used within the time limit for an effective intervention on OHCA victims) is a critical issue in analysing PAD programs. In this study, two different mapping techniques were compared: a circular buffer centred on the position of the device with fixed radius, and a realistic area based on the walkable paths along streets network within a set maximal distance. The circular areas were computed with radius equal to 100m (as traditionally referenced in literature from Aufderheide, 2010 ) and 200m; the same measures of 100m and 200m were set as the maximal length of paths for the realistic areas, thus obtaining 4 different shapefiles of catchment areas. The first meaningful result obtained is that the two mapping techniques require different target measures, since considering the same measure for Euclidian and routing distances generates a relative difference in the average of areas between 70% and 80%. Accordingly, in this study the two techniques were compared considering 100m radius for circular areas and 200m maximal paths length for realistic areas. The two different approaches (despite having a close average area after adjusting the target measures) provide significantly different results in terms of OHCAs coverage (number of OHCAs occurring within the catchment areas of public AEDs), due to the strong differences in shape: 9.43% for circular areas and 15.35% for realistic areas in our case-study. Despite realistic areas can be considered more representative of the real-world scenario (and are in general preferable), the observation of the 'error' (difference between realistic and circular areas) revealed that, despite the OHCA coverage is increased when considering realistic areas, there is still a significant amount of mapped realistic areas that underestimate the actual capabilities in area coverage of the devices, and should therefore be considered failures. Unfortunately, among the computed geographical attributes of the area surrounding AEDs (described at 2.4), none resulted strongly linearly correlated with the computed 'error' (or with its exponential and logarithmic transformations). However, setting a threshold measure of realistic areas for identification of failures (12'500 m 2 in our case-study), allowed to assess that almost all the considered attributes have different values distributions in failed and in successful computations. In particular, more reliable results are obtained when analysing an area surrounding the AEDs within a Euclidian distance between 150 and 250 metres. According to the indexes of distribution, it is possible to state that catchment areas of AEDs located in less urbanized areas, with fewer streets and buildings in the surroundings and in areas with more uniform use of the land, are less likely to be effectively represented with the realistic mapping approach. By manually inspecting the map, this condition resulted typical of large and isolated facilities (e.g. sport facilities, airports, warehouses etc.), of areas with specific destination uses all along (e.g. parks, fields etc.) and of natural areas. We can conclude that in all these cases a circular catchment area is preferable, as it can model the coverage of the facilities or of the other walkable land that is outside the mapping of streets, whereas realistic areas should be computed when AEDs are located nearby streets in a densely networked area. According to our results, it is virtually possible to implement an automatized decision-making based on the geographical analysis of the surroundings, exploiting open data only (related to streets, buildings and land-use). Therefore, our conclusion is that the best current method for mapping of catchment areas of public AEDs is to apply a realistic mapping technique based on the topology of the streets where possible, together with the traditional circular areas in specific locations that can be automatically identified analysing the area surrounding AEDs.
Limits and future developments
The main limit in the current study is related to the accuracy of computation of realistic catchment areas. First of all, there is no golden standard for this computation, and therefore we cannot assess the level of accuracy of our implemented algorithm. In order to reliably identify failures (and to accordingly evaluate the accuracy) it would be necessary to manually classify the whole available dataset distinguishing computation fails from successes. Moreover, the currently implemented method is based on the streets network mapped in OpenStreetMap, and routing paths are strictly developed onto them, meaning that walkable territory outside the streets network (which could still be exploited in the real world by people carrying AEDs) is not taken into account. This limit in the available information, although very difficult to overcome on such a large analysis area, implies that realistic catchment areas are strictly bound by roads mapping, that can be considered the main cause of failures in computation in particular in areas where the mapped roads are fewer. The future developments of this study can be sorted into tackling two main issues:  Information improvement: exploitation of larger information related to walkable land outside of streets (as previously stated), to additional geographic attributes of areas surrounding AEDs, to larger spatial samples of analysis.  Development of a classification rule: since all the considered attributes resulted, to some extent, suitable as indicators for identification of AEDs whose catchment area should be mapped as a circular surface, we deem it possible to develop a reliable automatized classification method for identification of these devices. For this purpose, it would be necessary to manually map failures as a golden standard classification, to identify and remove eventual correlations between different attributes (maintaining more informative attributes only and removing those that are internally correlated with them), and to implement a classification algorithm (potentially with a machine learning approach).
